The transglutaminase (protein-glutamine: amine 'y-glutamyltransferase, EC 2.3.2.13)-catalyzed crosslinking of proteins in biological systems can often be inhibited by inclusion of small primary amines or glutamine-containing peptides, which act as site-specific blockers of the relevant acceptor (i.e., glutamine) and donor (i.e., lysine) fumctlonalIties of the natural substrates. Compounds such as dansylcadaverine and dansyl-e-aminocaproyl-Gln-Gln-Ile-Val are particularly useful in sorting out acceptor-donor relationships among lens crystallins. Apart from its fluorescent properties, the dansyl hapten offered special advantages as a "handle" for the rapid isolation of transglutaminase targets even in the complex system oflens cortical homogenate. The dansylated peptide was incorporated into bovine lens proteins under the influence of the Ca2+-activated intrinsic transglutaminase and, after digestion by endoproteinase Glu-C, the tracer-containing fragments were isolated by affinity chromatography on an anti-dansyl antibody column. The major fluorescent peak was isolated by HPLC and sequenced by Edman degradation, which yielded phenylthiohydantoin amino acid derivatives for the first 10 cycles, EKPAVTAAPK, and none for the next 2. The sequence, corresponding to residues 165-174 of aB-crystallin, unambiguously identifies the known carboxyl-terminal domain, EK-PAVTAAPKK, as the prominent lysine-donating fragment in bovine lens.
The introduction of short peptides containing a transglutaminase (protein-glutamine:amine y-glutamyltransferase, EC 2.3.2.13)-reactive glutamine residue and an easily recognizable reporter group (e.g., dansyl) made it possible to identify the lysine-carrying (i.e., donor) protein substrates of the enzyme in biological systems (1) (2) (3) (4) . The peptides fulfilled the dual role of inhibiting protein-protein cross-linking phenomena as they, themselves, became incorporated into the natural donors. Use ofthe compounds in lens homogenates (1-3) revealed a remarkably high degree of selectivity for labeling of proteins under the influence of the Ca2+-activated intrinsic transglutaminase. Moreover, the enzyme-directed, sitespecific labeling reaction could be accomplished with minimum perturbation of the native system under the simple experimental conditions of incubating the tissue homogenate with the tracer peptide in the presence of Ca2+. Following electrophoretic separation, identification ofproteins could be accomplished by detection of fluorescence of the dansyl marker or by blotting with an anti-dansyl antibody. Similar procedures were developed previously for identifying the complementary glutamine-carrying (i.e., acceptor) protein substrates of the enzyme with a fluorescent lysine analogue, dansylcadaverine, as tracer (5).
We have now explored in greater depth the potentialities of this general approach of specific tracer recognition and applied it to the isolation of a prominent lysine donor sequence in bovine lens.
MATERIALS AND METHODS
Dansyl-e-aminocaproyl-Gln-Gln-Ile-Val (dns-E-aca-QQIV) was synthesized by coupling dansyl-E-aminocaproic acid to Gln-Gln-Ile-Val-benzyl ester by the procedure described earlier (3), followed by hydrogenolytic deblocking ofthe ester (1) .
Labeling of Proteins Through the Intrinsic Transglutaminase in Bovine Lens Homogenate with Dansylcadaverine or with dns-E-aca-QQIV. Frozen bovine lenses (Pel-Freez Biologicals) were thawed and decapsulated, and the cortex was separated from the nucleus by applying pressure with a 10-mm-diameter culture tube. The cortical portion was homogenized in 50 mM TrisHCl, pH 7.5/100 mM NaCl/2 mM leupeptin (obtained through the U.S.-Japan Cooperative Cancer Research Program)/0.1 mM EDTA (1.5 ml of buffer per lens) by hand in a Potter-Elvehjem tissue grinder. Incubations were carried out at 370C in mixtures containing lens homogenate (""80 mg of protein per ml), 20o (vol/vol) glycerol, 1 mM leupeptin, either 2.5 mM dansylcadaverine or 1 mM dns-e-aca-QQIV, and either 8 mM CaCl2 or 2 mM EDTA. After incubation (4 hr for dansylcadaverine; 1.5 hr for dns-e-aca-QQIV), the samples were centrifuged at 15,600 x g for 5 min, and the supernatants were used for further analysis.
Digestion of dns-E-aca-QQIV-Labeled Lens Proteins with Endoproteinase Glu-C. The supernatant (1 ml) of the bovine lens homogenate incubated with dns-e-aca-QQIV was dialyzed twice against 1 37"C. The enzyme was then inactivated by the addition of 200 jzl of20%o (wt/vol) phenylmethanesulfonyl fluoride in dimethyl sulfoxide and incubated at 70'C for 5 min. The digest was centrifuged at 2500 x g for 5 min, and the supernatant (17 ml) was subjected to affinity purification on an anti-dansyl antibody column.
Afinity Purification of the Lens Digest on an Anti-Dansyl
IgG-Affl-Gel 10 Column. Monoclonal anti-dansyl IgG (6) was Abbreviation: dns-E-aca-QQIV, dansyl-E-aminocaproyl-Gln-Gln-IleVal. *To whom reprint requests should be addressed.
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Proc. Nad. Acad. Sci. USA 89 (1992) coupled (=2 mg of IgG per ml of resin) to Affi-Gel 10 (Bio-Rad) according to the manufacturer's instructions. The resin was packed into a column (1.2 x 7 cm) and washed with 50 ml of 50 mM Tris-HCI, pH 7.5/1 M NaCl and then equilibrated in 50 mM Tris HCl, pH 7.5. Application of the endoproteinase Glu-C digest to the column was followed by washing with 50 mM TrisHCl, pH 7.5, and the bound fluorescent tracer-containing peptides were eluted with 10%o (vol/vol) acetic acid, freeze-dried, and further purified by reverse-phase HPLC.
HPLC. The marked peptides were separated on a C18 column (Beckman Ultrasphere ODS) by gradient elution with acetonitrile in 0.1% trifluoroacetic acid. Gradients Electrophoretic Analysis and Immunoboing. SDS/PAGE analysis used the discontinuous buffer system of Laemmli (7) in gels with an acrylamide/N,N'-methylenebisacrylamide weight ratio of 15:0.8. After electrophoresis, the gels were photographed under UV light (366 nm) and stained with Coomassie blue R. Alternatively, the proteins were electroblotted from the gels onto nitrocellulose (0.2-pum pore size; Schleicher & Schuell) and immunostained by using a polyclonal antibody against dansylated bovine -y-globulins (8) .
RESULTS AND DISCUSSION Fig. 1 dns-e-aca-QQIV (Fig. 1, lane 4) (lanes 2 and 4) . After incubation, the samples were centrifuged and the supernatants were analyzed by SDS/PAGE (i2% resolving gel; 3% stacking gel). After electrophoresis, the gel was photographed under UV light (366 nm; A) and stained with Coomassie blue (A'). Alternatively, the gel was electroblotted-and the nitrocellulose sheets were either stained with amido black (B) or immunostained with anti-dansyl IgG (B'). labeled protein fragments present in the supernatant of the bovine lens digest with endoproteinase were retained by the affinity column. They were eluted with acetic acid (Fig. 2 , lane 4) and subfractionated by HPLC (Fig. 3) , using various gradients in succession (10-801% acetonitrile, 90 min; 20-50%, 90 min; 28-37%, 60 min; and 29-32%, 30 min). The final product was judged to be of sufficient purity for amino acid sequencing, having a presumed structure of dns-E-aca-QQIV I ...XXX KXXX... if it contained only a single transglutaminase-reactive lysine residue. Of the 12 Edman cycles performed, the first 10 cycles yielded phenylthiohydantoin amino acid derivatives to provide a "high-confidence sequence" of EKPAVTAAPK, whereas no amino acids were released in cycles 11 and 12. The above sequence unambiguously identifies the carboxylterminal domain of aB-crystallin, EKPAVTAAPKK (12) , as the donor sequence isolated from the soluble endoproteinase Glu-C digest of the bovine lens. Indirect evidence, on the basis of the reactions of a glutamine-containing peptide with aB-crystallins and guinea pig liver transglutaminase, suggests that the carboxyl-terminal lysine of aB-crystallin might be the relevant donor functionality (13 
